Introduction
============

Hepatocellular carcinoma (HCC) is a disease with one of the highest mortalities ([@b1-etm-0-0-8080]). Currently, the main treatments of HCC are surgical resection and adjuvant chemo/radiation therapy. Surgical resection is considered to be the optimal treatment, but it is only suitable in the early stages of HCC ([@b2-etm-0-0-8080]). Due to the vague symptoms, patients are often not diagnosed, and HCC is usually discovered and diagnosed at an advanced stage, and must receive the combined treatment of surgery and chemo/radiation therapy ([@b3-etm-0-0-8080]). Despite novel drugs including sorafenib being used in HCC treatment, the overall therapeutic effect and prognosis is unsatisfactory, which is a result of drug resistance ([@b4-etm-0-0-8080]). Identifying novel chemotherapeutic agents for HCC therapy is therefore an important research focus.

Drug resistance is considered to be a multifactorial phenomenon, involving drug inactivation, enhanced drug efflux, activation of survival pathways, reduced apoptosis and enhanced epithelial-mesenchymal transition (EMT); however, the key determinants of drug resistance remain largely unknown ([@b5-etm-0-0-8080],[@b6-etm-0-0-8080]). Therefore, novel effective chemotherapy drugs should avoid drug resistance side effects. Cedrelone is a type of limonoid, which is a highly oxygenated tetracyclic triterpene derivative that is isolated from the Brazilian native meliaceae plant *catuaba* ([@b7-etm-0-0-8080]). It is widely used in folk medicine as a tonic for the treatment of fatigue, stress, erectile dysfunction, memory deficit, and as a digestive and purgative substance ([@b7-etm-0-0-8080],[@b8-etm-0-0-8080]). Previous reports have also demonstrated that limonoids possess antitumor effects ([@b7-etm-0-0-8080],[@b8-etm-0-0-8080]).

Compared with normal liver tissues, phenazine biosynthesis-like domain-containing protein (PBLD) exhibits low mRNA and protein levels in HCC tissue ([@b9-etm-0-0-8080]--[@b11-etm-0-0-8080]), which indicates that PBLD may serve an important role in the carcinogenesis and development of HCC. The present study investigated the antitumor activity of cedrelone in human HCC cells *in vivo* and *in vitro*.

Materials and methods
=====================

### Tumor samples and cell cultures

Fresh HCC and peripheral tissues samples, with matched adjacent non-tumorous tissues (the margin of incision is about 0.5--1 cm away from the tumor) were collected from 80 patients who underwent complete surgical resection from January 2016 to June 2017 at the Department of Hepatobiliary Surgery, General Hospital of the PLA Rocket Force (Beijing, China). All patients signed an informed consent form and agreed to the use of their samples in scientific research. All human procedures were approved by the Ethics Committee of General Hospital of the PLA Rocket Force (Beijing, China). All patients were required to meet the EASL-EORTC clinical practice guidelines ([@b12-etm-0-0-8080]). Tumor differentiation was determined following the rules proposed by Edmonson ([@b13-etm-0-0-8080]). All patient clinicopathological characteristics are presented in [Table I](#tI-etm-0-0-8080){ref-type="table"}.

The HCC cell line Hep3B and the liver cancer cell line HepG2 were purchased from the American Type Culture Collection. Hep3B was cultured in RPMI 1640 (Gibco; Thermo Fisher Scientific, Inc.) medium and HepG2 was cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.). The cultures were supplemented with 2 mM L-glutamine (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.), 100 mg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) and 10% FBS (Gibco; Thermo Fisher Scientific, Inc.). All cells were incubated at 37°C with 5% CO~2~.

### Transfection experiment

pSUPER vectors expressing Ras or Rap1 and control vectors, PBLD small interfering RNA (siRNA) and control siRNA were purchased from Shanghai GenePharma Co., Ltd., and the vectors (3 µg) or siRNA (2 µg) were mixed with Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) with a volume ratio of 1:2. The mixtures were then placed at room temperature for 15 min, and added into cell cultures and incubated for 48 h at 37°C with 5% CO~2~. After transfection, the subsequent experiments were carried out immediately. The siRNA sequences were as follows: control siRNA, 5′-UUCUCCGAACGUGUCACGUTT-3′; and PBLD siRNA, 5′-AAUAGGAAGCUUCAUUUUCCU-3′.

### Rescue assay

To investigate the roles of Ras and Rap1 in PBLD-regulated HCC, PBLD siRNA (2 ug) and Ras/Rap1 overexpression vectors (3 ug) were co-transfected into Hep3B cells (5×10^5^) using Lipofectamine^®^ 2000 to generate PBLD-siRNA + Ras/Rap1-vector cells. PBLD-siRNA and negative control (NC)-vectors were co-transfected into Hep3B cells as a control. At 48 h post-transfection, all cells were harvested for cell death detection by trypan blue assays and cell viability detection using cell counting kit-8 (CCK-8) assays. Additionally, EMT and apoptosis markers were detected via western blotting.

### Cell growth and viability

HepG2 and Hep3B cells (1×10^4^) were incubated with different concentrations (5, 10, 20 and 40 µM) of cedrelone (Shanghai Topscience Co., Ltd.) for 24 h at 37°C with 5% CO~2~ and 10% trichloroacetic acid was added. Cells were subsequently stained with sulforhodamine B (0.4% in 1% acetic acid) for 30 min at room temperature and washed three times with 1% acetic acid. Protein-bound dye was dissolved in 10 mM Tris for base solution and fluorescence intensity was measured at 510 nm.

Cell viability was assessed using a CCK-8 assay (Beyotime Institute of Biotechnology). HepG2 and Hep3B cells (1×10^4^) were plated on 96-well plates and allowed to attach overnight at 37°C with 5% CO~2~. Cells were treated with cedrelone (5, 10, 20 and 40 µM) for 24 h at 37°C with 5% CO~2~. Subsequently, the cell cultures were removed and cells were washed three times with PBS. A total of 90 µl DMEM and 10 µl CCK-8 solution were added into each well and incubated for 1.5 h at 37°C in the dark. Optical density values were measured on a microplate reader at 450 nm.

### Cell death detection

Cell death ratios were measured using trypan blue. HepG2 and Hep3B cells (1×10^6^) were treated with cedrelone (5, 10, 20 and 40 µM) for 24 h at 37°C with 5% CO~2~, digested with 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.) for 3 min and then 0.4% trypan blue (Sangon Biotech, Shanghai, China) solution was added to the cell suspension at a volume ratio of 1:9 (v/v). Dead and total cells were counted under a fluorescence microscope (magnification, ×400; Nikon TE2000, Nikon Corporation), the dead cells were dyed blue, and the normal cells were transparent. Total death rate was calculated as follows: Total death rate=(number of dead cells/number of total cells) ×100%.

### Western blotting

The harvested HepG2 and Hep3B cells were lysed for 30 min in RIPA Lysis Buffer (Beyotime Institute of Biotechnology) on ice and centrifuged at 15,000 × g for 20 min at 4°C. Total protein concentration was detected using a bicinchoninic acid assay (Beyotime Institute of Biotechnology). Proteins (50 µg) were separated by 8--15% SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked for 30 min at room temperature with 5% fat-free milk in 0.05% Tween-20 and PBS. Samples were then incubated with primary antibodies overnight at 4°C and subsequently incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at 37°C. Bound antibodies were detected using an ECL reagent (Advansta, Inc.). GAPDH was used as the reference protein. All antibodies were purchased from Santa Cruz Biotechnology, Inc. The primary antibodies were as follows: E-cadherin (1:500; cat. no. sc-8426), N-cadherin (1:500; cat. no. sc-8424), β-catenin (1:500; cat. no. sc-65480), PARP (1:500; cat. no. sc-74470), caspase-3 (1:500; cat. no. sc-56053), PBLD (1:500; cat. no. sc-101502), Ras (1:500; cat. no. sc-35), Rap1 (1:500; cat. no. sc-166586), Akt (1:500; cat. no. sc-5298), ERK (1:500; cat. no. sc-271269), p-ERK (1:500; cat. no. sc-7383) and GAPDH (1:500; cat. no. sc-32233). The secondary antibodies contain goat anti-rabbit IgG-HRP (1:1,000; cat. no. sc-2004) and goat anti-mouse IgG-HRP (1:1,000; cat. no. sc-2005).

### Apoptosis detection

Apoptosis was detected using a FACScan flow cytometer (Becton, Dickinson and Company). HepG2 and Hep3B cells (1×10^6^) were treated with DMSO and cedrelone (20 µM) for 24 h at 37°C with 5% CO~2.~ HepG2 and Hep3B cells were then harvested via 0.25% trypsin digestion, followed with incubation with Annexin V-FITC (Beyotime Institute of Biotechnology) and propidium iodide (Beyotime Institute of Biotechnology) at room temperature for 10 min. FACScan flow cytometry was used to analyze the apoptosis ratio, and FlowJo vX (version 10; Becton, Dickinson and Company) was used for analysis of the data. *In situ* apoptosis detection was conducted using a TUNEL reagent kit (Roche Diagnostics).

### Cell migration and invasion

Transwell microporous membranes with 8-µm pore sizes (cat. no. 3422; Corning Inc.) for 24-well plates were used. The membrane was covered with 40 µl 1:8 (v/ serum-free medium) BD Matrigel for the invasion assay. A total of 1×10^5^ cells for the migration assay and 6×10^5^ cells for the invasion assay were seeded in the upper chamber (HepG2 in DMEM medium and Hep3B in RPMI 1640 medium) and the lower chamber was covered with 500 µl culture medium or contains 20 µM cedrelone. Following incubation at 37°C with 5% CO~2~ for 24 h, cells were fixed with 4% paraformaldehyde for 15 min at room temperature, and removed from the upper surface of the membrane. Migrated/invasive cells were stained with 0.5% crystal violet at room temperature for 10 min, membranes were moved onto glass slides, counted under a light microscope (magnification, ×400) and the value was recorded.

### Microarray analysis

Whole-genome gene expression (Illumina, Inc.) analysis was performed according to the manufacturer\'s protocol. Raw and normalized data were accessed from the Gene Expression Omnibus database (accession no. GSE53306; <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53306>) ([@b14-etm-0-0-8080]). Functional annotation was performed by submitting gene lists to DAVID gene functional classification (<https://david.ncifcrf.gov/gene2gene.jsp>) and Gene Set Enrichment Analysis (GSEA) (<http://software.broadinstitute.org/gsea/index.jsp>).

### Quantitative (q)PCR

Total RNA of HCC tissues and normal tissue were extracted using the RNAeasy mini kit (Qiagen, Inc.) according to the manufacturer\'s protocol. Triplicates of each gene and each specimen were used, with GAPDH as an internal standard. The single strand cDNA for PCR template was synthesized from 10 µg of total RNA by ReverTra Ace qPCR RT kit (cat. no. FSQ 101; Toyobo Co., Ltd.) from the extracted total RNA. StepOne™ Real Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used for the RT-qPCR assay. RT-qPCR was performed with a total reaction volume of 20 µl, including 10 µl Power SYBR Green PCR Master mix (Roche Diagnostics), 5 pmol of forward and reverse primer and 2 µl of cDNA. The thermocycling conditions consisted of an initial denaturation step at 95°C for 10 sec, followed by 35 cycles of 1 min at 95°C, 1 min at 58°C and 1 min at 72°C. The results were normalized to GAPDH, which served as the endogenous control, and the relative expression of PBLD was quantified using the 2^−ΔΔCq^ method ([@b15-etm-0-0-8080]). The primers used were as follows: PBLD forward, 5′-TTATCCGAAAACTGCACCCGA-3′ and reverse, 5′-GGGACCAGTAGCTGTCACT-3′; GAPDH forward, 5′-ATTCCACCCATGGCAAATTC-3′ and reverse, 5′-TGGGATTTCCATTGATGACAAG-3′.

### Immunohistochemistry

Immunohistochemistry staining for PBLD expression was performed on 4 µm sections of paraffin-embedded tissue specimens. The sections were deparaffinized in xylene, and rehydrated using a graded ethanol rinse series. Masked epitope retrieval was performed by heating the sections in a microwave oven in 0.01 M sodium citrate buffer (pH 6.0) for 20 min at 35°C. Endogenous peroxidase activity was terminated by incubation in 3% H~2~O~2~ for 20 min at room temperature. The sections were then incubated at 4°C overnight with PBLD monoclonal mouse anti-human IgG (1:100; cat. no. sc-101502; Santa Cruz Biotechnology) in a 1:50 dilution with 5% skimmed milk PBS buffer, followed by incubation with the corresponding secondary antibody at room temperature (1:300; cat. no. sc-2005; Santa Cruz Biotechnology) for 45 min. The antibody-antigen complexes were visualized using DAB and counterstained with haematoxylin at room temperature for 5 min. Finally, the sections were dehydrated in ethanol, cleared in xylene, and examined using a light microscope (magnification, ×400; Olympus IX73-A12FL/PH system; Olympus Corporation). Sections known to show positive staining for PBLD were included in each run, receiving either the primary antibody or PBS, as positive or negative controls. In all staining procedures, the positive controls showed clear staining, whereas there was no staining in the negative controls.

### Animal experiment

PBLD transgenic mice (n=30, 15 males and 15 females, 6 week old, weighing 18--22 g) and wild-type c57 mice (n=30, 15 males and 15 females, 6 week old, weighing 18--22 g) were purchased from Cyagen Biosciences, Inc. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of the General Hospital of the PLA Rocket Force and the experiments were approved by the Animal Ethics Committee of the General Hospital of the PLA Rocket Force. All mice were kept in a specific-pathogen free environment, the plastic cage was sealed with an air filter, animal isolators, air laminator and air laminar flow chamber were equipped. The animals were housed at a temperature of 24--28°C, a relative humidity of 50--60%, with ventilation at 10--15 times/h and natural circadian light. The food was sterilized using irradiation, and water with bacitracin (4 g/l) and neomycin (4 g/l), the food and water was provided *ad libitum*. Wild-type and PBLD 2-week-old transgenic mice received diethyl-nitrosamine (0.5 mmol/kg body weight) through intragastric administration every week for 6 months to induce carcinogenesis. The mice received cedrelone (1 mmol/kg body weight) every day for 6 months. Mice were sacrificed at 12 months by anesthesia with intraperitoneal injection of pentobarbital followed by cervical dislocation. The concentration of pentobarbital was 4% (diluted with physiological saline) and the dose was 50 mg/kg. The number of tumors and total volume of tumors were detected according to the following formula: volume (mm^3^)=width^2^ (mm^2^) × length (mm)/2.

### Statistical analysis

All data are presented as the mean ± standard deviation of triplicate experiments and analyzed using SPSS 16.0 software (SPSS, Inc.). The association between PBLD expression and clinicopathologic characteristics was calculated using the Pearson χ^2^ tests. Two-way ANOVA, followed by a Bonferroni post hoc test, was used to compare different groups. An unpaired Student t-test or Mann-Whitney U test were used to compare two means. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cedrelone mediates cell bioactivities

The present study assessed the proliferation, viability, migration, invasion, cell death and apoptosis following cedrelone treatment. In Hep3B and HepG2 cells, cedrelone ([Fig. 1A](#f1-etm-0-0-8080){ref-type="fig"}) significantly inhibited growth in a dose-dependent manner and 20 mM was the optimum inhibitory concentration ([Fig. 1B](#f1-etm-0-0-8080){ref-type="fig"}). According to the CCK8 assay, Hep3B and HepG2 cell viability was also inhibited by cedrelone in a dose-dependent manner ([Fig. 1C](#f1-etm-0-0-8080){ref-type="fig"}) and cedrelone increased the Hep3B and HepG2 cell death ratio in a dose-dependently ([Fig. 1D](#f1-etm-0-0-8080){ref-type="fig"}). The aforementioned assays demonstrated that 20 µM was the idle concentration of cedrelone for Hep3B and HepG2 cells *in vitro*. The Transwell experiments revealed that cedrelone inhibited the invasion and migration of Hep3B and HepG2 cells ([Fig. 1E-H](#f1-etm-0-0-8080){ref-type="fig"}) and that EMT marker levels were also mediated by cedrelone, according to the results of the western blotting assays, namely, cedrelone increased the expression of E-cadherin and β-catenin, and inhibited N-cadherin expression ([Fig. 1I](#f1-etm-0-0-8080){ref-type="fig"}). Additionally, cedrelone treatment increased the apoptosis ratio of Hep3B and HepG2 cells ([Fig. 1J and K](#f1-etm-0-0-8080){ref-type="fig"}), and increased the levels of pro-apoptosis molecules, cleaved (c-)poly-ADP ribose polymerase (PARP) and c-capase-3 ([Fig. 1L](#f1-etm-0-0-8080){ref-type="fig"}). These results indicated that cedrelone has the potential to inhibit cell growth, viability and EMT, and to promote cell apoptosis in Hep3B and HepG2 cells. It may therefore specifically inhibit HCC progression.

### PBLD is downregulated in HCC

To investigate the role of PBLD in HCC, the associations between PBLD expression and clinicopathological features were detected and analyzed in 80 patients ([Table I](#tI-etm-0-0-8080){ref-type="table"}). The results indicated that high PBLD expression was closely associated with tumor differentiation and tumor stage ([@b16-etm-0-0-8080]). However, PBLD expression was not significantly associated with age, sex, hepatitis B surface antigen, hepatitis B e antigen, serum a fetoprotein level, liver cirrhosis, vascular invasion, intrahepatic metastasis, tumor number and tumor size. Additionally, immunohistochemistry was performed to detect PBLD in the HCC and adjacent non-tumors tissues ([Fig. 2A](#f2-etm-0-0-8080){ref-type="fig"}). PBLD was highly expressed in normal tissues, compared with tumor tissues, PBLD was markedly decreased in tumor tissues; additionally, PBLD expression in the tumor tissues was associated with the tumor progress. The expression of PBLD in poor-differentiated HCC tissues was lowest among the normal, well, moderate and poorly differentiated HCC tissues. To further examine the expression of PBLD, qPCR and western blotting were performed to detect PBLD mRNA and protein expression. Similar to the immunohistochemistry results, the mRNA expression of PBLD was negatively associated with HCC differentiation. Expression in the normal tissues was significantly higher than that in the tumor tissues. Among the tumor tissues, poor differentiation tissues exhibited the lowest expression ([Fig. 2B and C](#f2-etm-0-0-8080){ref-type="fig"}). The results of western blotting were consistent with the results of the qPCR assay ([Fig. 2D and E](#f2-etm-0-0-8080){ref-type="fig"}). Additionally, the protein expression of PBLD in HepG2, Hep3B and Huh-7 cell lines and normal hepatocyte (HL-7702) cell lines were detected. The results indicated that PBLD expression in HL-7702 cells was significantly higher than that in Hep3B, HepG2 and Huh-7 cells ([Fig. 2F](#f2-etm-0-0-8080){ref-type="fig"}). The results demonstrated that PBLD expression was significantly downregulated in HCC tumors and Hep3B and HepG2 cells, and that PBLD expression was negatively associated with HCC differentiation.

### PBLD is a key target in cedrelone-treated HCC

To confirm the function of cedrelone in PBLD regulation, a series of PBLD-targeted knockdown experiments were performed in HepG2 and Hep3B cells. As presented in [Fig. 3A](#f3-etm-0-0-8080){ref-type="fig"}, cedrelone markedly increased PBLD expression in HepG2 and Hep3B cells; however, following knockdown of PBLD via PBLD siRNA transfection, the effect of cedrelone on PBLD-upregulation was inhibited ([Fig. 3B](#f3-etm-0-0-8080){ref-type="fig"}). *In vitro*, PBLD expression in HepG2 and Hep3B cells was downregulated by PBLD siRNA transfection, and the inhibitory effect of cedrelone on cell growth and viability as well as its positive effect on cell death were lessened ([Fig. 3C-E](#f3-etm-0-0-8080){ref-type="fig"}). Furthermore, the inhibitory effect of cedrelone on the migration and invasion of HepG2 and Hep3B cells was inhibited after PBLD was downregulated ([Fig. 3F-I](#f3-etm-0-0-8080){ref-type="fig"}). The effect of cedrelone on the levels of certain EMT markers, including E-cadherin, N-cadherin and β-catenin, were also reversed ([Fig. 3J](#f3-etm-0-0-8080){ref-type="fig"}). Additionally, following PBLD knockdown, the pro-apoptotic effect of cedrelone in HepG2 and Hep3B cells and the increased expression of certain apoptosis markers, including c-PARP and c-capase-3, were markedly inhibited ([Fig. 3K-M](#f3-etm-0-0-8080){ref-type="fig"}). The aforementioned results revealed that PBLD may act as an important suppressor gene in HCC and that cedrelone may exert anticancer effects by acting on PBLD. However, the detailed underlying mechanism requires further investigation.

### Ras and Rap1 signaling pathways are the downstream targets of PBLD in cedrelone-treated HCC

To investigate the mechanism of cedrelone treated HCC, Illumina whole-genome expression arrays were performed to detect the downstream targets of PBLD in cedrelone treated-HCC by examining HepG2 cells. In HepG2 cells, after cedrelone treatment, a number of gene expressions were altered; 163 genes were downregulated and 71 genes were upregulated. According to GSEA, these regulated genes were associated with several antitumor-associated signaling pathways, and the Ras and Rap1 signaling pathways were highlighted. From the heat map, in the Ras signaling pathway, 16 genes were downregulated and 6 genes were upregulated in cedrelone-treated HepG2 cells compared with control group ([Fig. 4A](#f4-etm-0-0-8080){ref-type="fig"}). Additionally, in the Rap1 signaling pathway, 14 genes were downregulated in cedrelone-treated HepG2 cells compared with control group ([Fig. 4B](#f4-etm-0-0-8080){ref-type="fig"}). However, in the PBLD siRNA-transfected HepG2 cells, the effects of cedrelone on genes in the Ras and Rap1 signaling pathways were significantly inhibited ([Fig. 4C and D](#f4-etm-0-0-8080){ref-type="fig"}). Additionally, the results of western blot analysis demonstrated that PBLD was a key regulator of the Ras and Rap1 signaling pathways and the downstream molecules of the Ras and Rap1 signaling pathways were also regulated by PBLD ([Fig. 4E](#f4-etm-0-0-8080){ref-type="fig"}). Additionally, to investigate the roles of Ras and Rap1 in the PBLD-regulated biological activity of HepG2 and Hep3B cells, a rescue experiment was performed using co-transfection of PBLD siRNA with Ras or Rap1 overexpression vector. To evaluate the effects of Ras and Rap1 overexpression vector, western blotting was performed to detect Ras and Rap1 expression in Hep3B cells. In Hep3B cells, PBLD-siRNA + Ras-vector and PBLD-siRNA + Rap1-vector increased the cell death ratio compared with PBLD-siRNA + con-vector ([Fig. 4F](#f4-etm-0-0-8080){ref-type="fig"}) and decreased cell viability ([Fig. 4G](#f4-etm-0-0-8080){ref-type="fig"}). Additionally, in the PBLD-siRNA transfected cells, after Ras or Rap1 were overexpressed, the expressions of EMT phenotype markers N-cadherin, E-cadherin and β-catenin, in addition to that of the apoptosis marker caspase-3, were all enhanced ([Fig. 4H](#f4-etm-0-0-8080){ref-type="fig"}), it is further confirmed that PBLD plays a key regulatory role in Ras and Rap1 pathways. These results indicated that Ras and Rap1 vectors reversed the effect induced by PBLD inhibition, indicating that Ras and Rap1 were important downstream targets of PBLD, and mediated the effects induced by PBLD.

### Cedrelone inhibits HCC progression in vivo

To investigate the antitumor ability of cedrelone for HCC *in vivo*, PBLD overexpression transgenic mice and wild-type mice were used in animal experiments, and diethyl-nitrosamine was used to induce carcinogenesis by continuous intraperitoneal injection for 6 months. After 6 months, mice were given cedrelone (1 mmol/kg body weight) via caudal vein injection. As presented in [Fig. 5A](#f5-etm-0-0-8080){ref-type="fig"}, in the wild-type mice, diethyl-nitrosamine could markedly induce carcinogenesis; and after cedrelone treatment, the tumor volume and number were reduced. Furthermore, in the PBLD overexpression transgenic mice, the carcinogenesis induction ability of diethyl-nitrosamine was significantly inhibited, and the effect of cedrelone on tumor inhibition was inhibited, but cedrelone retained an inhibitory effect on tumor cells ([Fig. 5A-C](#f5-etm-0-0-8080){ref-type="fig"}). According to the western blot analysis of the tumor tissue, after cedrelone treatment, compared with wild-type mice, in the PBLD overexpression transgenic mice, E-cadherin and β-catenin was promoted, and N-cadherin was inhibited. Additionally, the levels of the apoptosis markers c-PARP and c-capase-3 were markedly increased ([Fig. 5D](#f5-etm-0-0-8080){ref-type="fig"}). According to apoptosis detection *in situ*, compared with the wild-type mice, in the PBLD overexpression transgenic mice, the ratio of apoptotic cells was markedly higher ([Fig. 5E](#f5-etm-0-0-8080){ref-type="fig"}) and the statistical analysis of apoptosis ratio was performed ([Fig. 5F](#f5-etm-0-0-8080){ref-type="fig"}). These results indicated that cedrelone may be a novel HCC therapeutic agent.

Discussion
==========

The present study first demonstrated that cedrelone treatment inhibited HCC progression via PBLD upregulation and as a result, inhibited the growth and EMT phenotype, and promoted apoptosis via the Ras and Rap1 signaling pathways *in vivo* and *in vitro* ([Fig. 5G](#f5-etm-0-0-8080){ref-type="fig"}).

Cedrelone is a type of limonoid, which are highly oxygenated tetracyclic triterpene derivatives isolated from the Brazilian native meliaceae plant *catuaba*. Limonoids have been reported to exert an inhibitory effect on *Staphylococcus aureus, Streptococcus pneumoniae, Salmonella typhi, Salmonella paratyphi, Fei shigella, Escherichia coli* and *Pseudomonas aeruginosa*. Limonoids also exhibit anti-bleeding, anti-inflammation, anti-cervicitis and anti-urethritis properties, mediating blood pressure, immunity and sugar balance ([@b7-etm-0-0-8080],[@b8-etm-0-0-8080],[@b17-etm-0-0-8080],[@b18-etm-0-0-8080]).

In 2001, Iriyama *et al* ([@b19-etm-0-0-8080]) firstly isolated and sequenced the PBLD gene from the human HCC cDNA library. Previous studies have demonstrated that PBLD may be involved in the progression of HCC ([@b9-etm-0-0-8080]--[@b11-etm-0-0-8080]). PBLD expression is significantly decreased in HCC and is negatively associated with disease progression ([@b9-etm-0-0-8080]). The results of the present study also demonstrated the negative association between PBLD and HCC. Although a number of studies have indicated that PBLD may be involved in HCC progression, the mechanism is unknown ([@b10-etm-0-0-8080],[@b20-etm-0-0-8080]). Additionally, to the best of our knowledge, no effective PBLD activator has been identified. The present study clarified the mechanism of PBLD in HCC progression and confirmed that the PBLD enhancer, cedrelone, exerted antitumor effects via PBLD upregulation.

To investigate whether PBLD was involved in the progression of HCC and to investigate the antitumor effect of cedrelone via PBLD in HCC, HepG2 and Hep3B cells were used to perform *in vitro* experiments, and PBLD overexpression transgenic mice were used to perform *in vivo* experiments. The results demonstrated that cedrelone upregulated PBLD expression, promoted the Ras and Rap1 signaling pathway, inhibited cell growth and EMT phenotype, and promoted the apoptosis ratio in HepG2 and Hep3B cells. *In vivo* experiments also indicated that PBLD was involved in HCC progression. In the present study, the results suggested that PBLD could effectively inhibit HCC progression. In HCC pathogenesis, multiple and diverse mechanisms of growth and dedifferentiation for hepatocytes could contribute to malignant neoplasia development ([@b21-etm-0-0-8080],[@b22-etm-0-0-8080]). In the present study, the results of microarray analysis demonstrated that the Ras and Rap1 signaling pathways were mediated by cedrelone via PBLD upregulation in HCC. Ras is encoded by oncogene las. Humans have three Ras genes, H-Ras, K-Ras and N-Ras that are distributed on different chromosomes, encoding protein p21 ([@b23-etm-0-0-8080],[@b24-etm-0-0-8080]). Ras-p21 binds to guanine nucleotides (GTP and GDP) and the GTP enzyme (hydrolysis of GTP to GDP) ([@b25-etm-0-0-8080]). When bound to GTP, Ras-p21 is in an active state; when bound to GDP, it is in an inactive state ([@b26-etm-0-0-8080]). In the Ras-GTP and Ras-GDP conformation, only Ras-GTP activates Ras signal transduction, allowing the Ras protein to control cell signal transduction in two interchangeable conformations to regulate cell differentiation, growth and apoptosis ([@b27-etm-0-0-8080]). In addition, Ras increases the expression of angiogenic factors to promote angiogenesis via ERK regulation or increase the tumor EMT phenotype via ERK-mediated metalloproteinase expression and Rac-mediated cytoskeletal matrix movement ([@b28-etm-0-0-8080],[@b29-etm-0-0-8080]). Furthermore, the Rap1 signaling pathway serves an important role in cancer. Rap1 signaling pathway activation occurs in a variety of tumors and associated with the progression and metastasis of breast cancer, prostate cancer, pancreatic cancer, head and neck squamous cell carcinoma, melanoma, HCC and other tumors ([@b30-etm-0-0-8080]--[@b32-etm-0-0-8080]). Rap1 activation in tumors is often not caused by mutations in the gene itself, but may be caused by the mutation or deletion of its inhibitors ([@b30-etm-0-0-8080]). Rap1 GTPase-activating protein and signal-induced growth-associated protein 1 inhibitors, amongst other tumor suppressor genes, inhibit the activation of Rap1 and are downregulated or absent in a variety of tumors, confirming the function of Rap1 in tumor oncogene inhibition ([@b33-etm-0-0-8080]--[@b35-etm-0-0-8080]). The functions of Rap1 in different tumors may be associated with its subcellular localization, as well as its inhibitors and upstream and downstream signaling pathways. This indicates that Rap1 may be involved in tumor progression ([@b36-etm-0-0-8080],[@b37-etm-0-0-8080]). The present study revealed that the Ras and Rap1 signaling pathways were involved in the EMT phenotype, growth and apoptosis mediation in HepG2 and Hep3B cells. The Ras and Rap1 signaling pathways were also regulated by PBLD. Additionally, the present study investigated the novel chemotherapy drug cedrelone, which acts as an activator of PBLD. In the PBLD-overexpression transgenic mice model, mice were given diethyl-nitrosamine to induce carcinogenesis. Compared with the wild-type mice, the effect of diethyl-nitrosamine for carcinogenesis induction was significantly lower in PBLD overexpressed transgenic mice. This effect was also further inhibited by cedrelone in the wild-type and PBLD-overexpression transgenic mice. Furthermore, *in situ* apoptosis detection experiments and PBLD overexpression significantly increased the apoptosis ratio. In addition, cedrelone treatment further increased the apoptosis ratio in HCC.

In conclusion, the present study demonstrated that PBLD regulates cell EMT phenotype, growth and apoptosis via Ras and Rap1 signaling pathway mediation in HCC. Additionally, the present study revealed that cedrelone upregulated PBLD, mediated the Ras and Rap1 signaling pathways and exhibited significant antitumor abilities in HCC. PBLD may therefore be a novel target in HCC treatment and cedrelone may be a novel PBLD activator.
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![Cedrelone mediates cell bioactivities in hepatocellular carcinoma. (A) Chemical structure of cedrelone. (B) Cells were treated with different concentrations of cedrelone for 24 h and the growth of Hep3B and HepG2 cells was detected via sulforhodamine B staining. (C) Cells were treated with different concentrations of cedrelone for 24 h and a Cell Counting kit-8 assay was used to measure cell viability. (D) Cells were treated with different concentrations of cedrelone for 24 h and trypan blue staining was used to detect the cell death ratio. Cells were treated with 20 µM cedrelone for 24 h and cell, (E) detection of cell invasion and (F) statistical analysis, (G) detection the cell migration and (H) statistical analysis. Scale bar, 200 µm. (I) Epithelial-mesenchymal transition markers were detected via western blotting after cells were treated with 20 µM cedrelone for 24 h. (J) The cell apoptosis ratio was detected using a FACScan flow cytometer, the abscissa represents the level of Annexin V staining whilst the ordinate represents propidium iodide staining. (K) Quantified results from (J). (L) Apoptosis marker levels were detected via western blotting after cells were treated with 20 µM cedrelone for 24 h. In figs B, C and D, \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.005 vs. DMSO group. In figs A, E, F, G and H, \*\*\*P\<0.005. c-, cleaved; DMSO, dimethyl sulfoxide; PARP, poly-ADP ribose polymerase.](etm-18-06-4209-g00){#f1-etm-0-0-8080}

![PBLD expression is downregulated in HCC. (A) Immunohistochemistry was performed to detect PBLD expression in HCC and adjacent non-tumors tissue. Scale bar, 200 µm for all five images. (B) PBLD mRNA expression in tumor and non-tumor tissues was detected via qPCR. (C) PBLD mRNA expression in tumors tissue with different degrees of differentiation was detected by performing qCR. PBLD protein expression in (D) tumor tissues with different degrees of differentiation and (E) tumor and non-tumor tissues, as well as (F) different cell lines was detected via western blotting. HL-7702 is a normal hepatocyte cell line, whereas HepG2, Hep3B and Huh-7 are tumor cell lines. \*P\<0.05 and \*\*P\<0.01 as indicated. PBLD, phenazine biosynthesis-like domain-containing protein; HCC, hepatocellular carcinoma; qPCR, quantitative PCR.](etm-18-06-4209-g01){#f2-etm-0-0-8080}

![PBLD is a key target in cedrelone treated HCC. (A) Activation effect of cedrelone on PBLD expression in HepG2 and Hep3B cells was detected via western blotting after cells were treated with 20 µM cedrelone for 24 h. HepG2 and Hep3B cells were transfected with PBLD siRNA, which knocked down PBLD expression. HepG2 and Hep3B cells were treated with 20 µM cedrelone for 24 h. The effects of cedrelone on (B) PBLD expression, (C) cell growth, (D) cell viability and (E) cell death were detected in HepG2 and Hep3B cells via (B) western blotting, (C) sulforhodamine B staining, (D) a Cell Counting kit-8 assay and (E) trypan blue staining. HepG2 and Hep3B cells were transfected with PBLD siRNA and treated with 20 µM cedrelone for 24 h. (F) detection of cell invasion and (G) statistical analysis and (H) detection of cell migration and (I) statistical analysis. Scale bar, 200 µm for all eight images. HepG2 and Hep3B cells were transfected with PBLD siRNA or con-siRNA and treated with 20 µM cedrelone for 24 h. (J) epithelial-mesenchymal transition markers were detected through western blot. (K) The cell apoptosis were detected through FACScan flow cytometry, the abscissa represents Annexin V staining whilst the ordinate represents propidium iodide staining, and (L) statistical analysis. (M) The apoptosis markers were detected using western blot analysis. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.005 as indicated. PBLD, phenazine biosynthesis-like domain-containing protein; siRNA, small interfering RNA; Con-, control; c-, cleaved; DMSO, dimethyl sulfoxide; PARP, poly-ADP ribose polymerase.](etm-18-06-4209-g02){#f3-etm-0-0-8080}

![Ras and Rap1 pathway analysis in cedrelone-treated HepG2 cell. HepG2 cells were treated with 20 µM cedrelone for 24 h and analyzed using Illumina whole-genome expression arrays. GSEA analysis was performed after cedrelone treatment. Green represents the downregulation of genes and red represents the upregulation of genes. (A) Ras and (B) Rap1 signaling pathways were highlighted by pathway analysis. (A) A total of 16 genes were downregulated and 6 genes were upregulated in the Ras signaling pathway, and (B) 14 genes were downregulated in the Rap1 signaling pathway. HepG2 cells were transfected with PBLD siRNA to knockdown PBLD expression. The effect of cedrelone on genes of the (C) Ras and (D) Rap1 signaling pathways was significantly inhibited. (E) HepG2 and Hep3B cells were transfected with PBLD siRNA or con-siRNA and treated with 20 mM cedrelone for 24 h. Ras and Rap1 signaling pathway-associated molecules were detected via western blotting. Hep3B cells were transfected with PBLD siRNA and Ras/Rap1 overexpression vector or con-vector, and the (F) cell death ratio was detected using a trypan blue assay. (G) Cell viability was measured using a Cell Counting kit-8 assay. Additionally, (H) Hep3B cells were transfected with Ras or Rap1 overexpression vectors and the levels of Ras and Rap1, epithelial-mesenchymal transition phenotype markers (N-cadherin, E-cadherin and β-catenin) and the apoptosis marker c-capase-3 were detected via western blotting. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.005 as indicated. GSEA, gene set enrichment analysis; Rap1, Ras-proximate-1; PBLD, phenazine biosynthesis-like domain-containing protein; siRNA, small interfering RNA; c-, cleaved; con-, control; DMSO, dimethyl sulfoxide; pERK, phosphorylated ERK.](etm-18-06-4209-g03){#f4-etm-0-0-8080}

![Cedrelone inhibits HCC progression *in vivo*. PBLD overexpression transgenic mice and wild-type mice were used and diethyl-nitrosamine was used to induce carcinogenesis for 6 months. After 6 months, mice were given cedrelone (1 mmol/kg body weight) for 6 months. (A) HCC morphology, (B) tumor number and (C) volume were determined. (D) HCC proteins were analyzed via western blotting and EMT markers were detected. (E) Apoptosis *in situ* was detected using the TUNEL reagent kit. Scale bar, 100 µm for all 12 images. (F) Quantification of apoptosis detection. (G) Mechanism of cedrelone antitumor effect. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.005. HCC, hepatocellular carcinoma; PBLD, phenazine biosynthesis-like domain-containing protein; EMT, epithelial-mesenchymal transition; c-, cleaved; PARP, poly-ADP ribose polymerase; Rap1, Ras-proximate-1.](etm-18-06-4209-g04){#f5-etm-0-0-8080}

###### 

Clinicopathological characteristics of patients.

                                 PBLD expression        
  ------------------------- ---- ----------------- ---- ---------
  Age (years)                                           0.217
    \<50                    37   21                16   
    ≥50                     43   21                22   
  Sex                                                   0.362
    Male                    63   30                33   
    Female                  17   6                 11   
  HBsAg                                                 0.327
    Positive                73   37                36   
    Negative                7    4                 3    
  HBeAg                                                 \>0.999
    Positive                4    2                 2    
    Negative                76   38                38   
  AFP (ng/ml)                                           0.148
    \>400                   52   32                20   
    ≤400                    28   12                16   
  Liver cirrhosis                                       
    Absent                  28   17                11   0.069
    Present                 52   22                30   
  Vascular invasion                                     0.513
    Absent                  55   27                28   
    Present                 25   13                12   
  Intrahepatic metastasis                               0.156
    Absent                  61   27                34   
    Present                 19   12                7    
  Tumor size                                            0.539
    ≤5 cm                   14   8                 6    
    \>5 cm                  66   34                32   
  Tumor number                                          0.147
    Single                  57   27                30   
    Multiple                23   14                9    
  Tumor differentiation                                 0.013
    Well                    21   6                 15   
    Moderate-Poor           59   41                18   
  AJCC stage                                            0.029
    I/II                    63   26                37   
    III/IV                  17   13                4    

AFP, serum α fetoprotein; AJCC, American Joint Committee on Cancer; HBsAg, hepatitis B surface antigen; HBeAg, hepatitis B e antigen; PBLD, phenazine biosynthesis-like domain-containing protein.
